Aims Left bundle branch block (LBBB) creates considerable regional differences in mechanical load within the left ventricle (LV). We investigated expression of selected microRNAs (miRs) in relation to regional hypertrophy and fibrosis in LBBB hearts and their reversibility upon cardiac resynchronization therapy (CRT). Methods and results Eighteen dogs were followed for 4 months after induction of LBBB, 10 of which received CRT after 2 months. Five additional dogs served as control. LV geometric changes were determined by echocardiography and myocardial strain by magnetic resonance imaging tagging. Expression levels of miRs, their target genes: connective tissue growth factor (CTGF), serum response factor (SRF), nuclear factor of activated T cells (NFATc4), and cardiomyocyte diameter and collagen deposition were measured in the septum and LV free wall (LVfw). In LBBB hearts, LVfw and septal systolic circumferential strain were 200% and 50% of control, respectively. This coincided with local hypertrophy in the LVfw. MiR-133a expression was reduced by 33% in the LVfw, which corresponded with a selective increase of CTGF expression in the LVfw (279% of control). By contrast, no change was observed in SRF and NFATc4 expression was decreased in LBBB hearts. CRT normalized strain patterns and reversed miR-133a and CTGF expression towards normal, expression of other miRs, related to remodelling, such as miR-199b and miR-155f, were not affected. Conclusions In the clinically relevant large animal model of LBBB, a close inverse relation exists between local hypertrophy and miR-133a. Reduced miR-133a correlated with increased CTGF levels but not with SRF and NFATc4.
Introduction
Both mechanical and humoral triggers have been proposed to explain the hypertrophic and fibrotic response in cardiac muscle exposed to excessive load. However, in vivo, it is difficult to separate the contribution of (local) mechanical load and (systemic) neurohumoral activation, because global cardiac overload, as in hypertension and valvular disease, also leads to neurohumoral stimulation/activation. On the other hand, it has been shown that stretching isolated cardiomyocytes can affect gene expression, increase protein synthesis, and induce hypertrophy. 1 Similarly, stretching isolated cardiac fibroblasts increases expression of extracellular matrix (ECM) genes and proteins. 2, 3 Dyssynchronous electrical activation of the heart, such as during left bundle branch block (LBBB), creates discoordinate contraction of the left ventricle (LV). This discoordination leads to elevated mechanical load in the LV free wall (LVfw) and reduced load in the septum. 4, 5 Animal studies have shown complex changes in myocardial tissue of dyssynchronous hearts, including extensive regional differences in tissue growth (hypertrophy) and in expression of hundreds of genes. [4] [5] [6] Therefore, LBBB provides an interesting in vivo condition that allows to investigate the sequelae of different loading conditions within the same heart and to distill the effect of local load from that of systemic components that are presumably equal throughout the heart. Moreover, local abnormalities can be largely corrected by cardiac resynchronization therapy (CRT).
In the process of cardiac hypertrophy and fibrosis, several microRNAs (miRs) play an important role.
7-10 miR-1, miR133a, miR-155f, and miR-199b have been linked to cardiac hypertrophy, [11] [12] [13] [14] while miR-29c and miR-30c were described in cardiac fibrosis. [15] [16] [17] Furthermore, miR-146a, miR-146b, miR-222, and miR-499 were included in the analysis. 18 It is unclear to what extent the expression of these miRs is regulated by local load or by systemic factors.
It was the aim of the present study to investigate whether in hearts with LBBB, the local changes in mechanical load translate into regional differences in expression of miRs as well as hypertrophy and fibrosis. Furthermore, the reversibility of dyssynchrony-induced structural and molecular changes was analysed after normalization of local mechanical load by CRT.
Methods
Animal handling was performed according to the Dutch Law on Animal Experimentation and the European Directive for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (86/609/EU). The protocol was approved by the Experimental Animal Committee of Maastricht University.
Experimental models
Experiments were performed on 23 adult mongrel dogs of either sex, weighing approximately 20 kg. Five dogs served as control. The other 18 dogs underwent a sterile closed-chest procedure. They were intravenously induced with thiopental (500 μg), and anaesthesia was maintained by continuous infusion of midazolam (0.25 mg/kg/h) and sufentanil (3 μg/ kg/h). LBBB was induced by radiofrequency ablation as described in detail previously. 19 In 10 of these dogs, a CRT device (Consulta CRT-P, Medtronic, Minneapolis, MN, USA) was implanted during the same procedure. All leads were placed endovascularly under fluoroscopic guidance. The LV lead was preferably placed in a (postero-)lateral vein. The right ventricular (RV) lead was positioned in the RV apex, and an atrial lead was placed in the right atrial auricle. The CRT device was initially set to sensing only. Two months after LBBB induction, the biventricular pacemaker was programmed to DDD, using a relatively short atrio-ventricular (AV)-delay to ensure complete capture by LV and RV pacing. Dogs underwent awake echocardiography exams at baseline, after 2 months, just prior to switching on the CRT device and at sacrifice to assess wall thickness and end diastolic volume (EDV). A few days before sacrifice, cine magnetic resonance imaging scans (Intera 1.5Tesla MRI, Philips, Amsterdam, The Netherlands) were made under anaesthesia, to measure LV wall volume, end systolic volume, and EDV. The same anaesthetic protocol was used as for induction of LBBB. Myocardial tissue tagging scans were made for calculation of circumferential strain using the Sinmod programme. 20 At the final day of the experimental protocol, 4 months after LBBB induction, extensive electro-haemodynamic measurements were performed as described in detail previously. 21 Subsequently, the heart was rapidly excised, and transmural tissue sections at the mid-level from the LVfw and septum were collected and snap-frozen in liquid nitrogen for further analysis. Part of the tissue was preserved using formalin for histology. The five dogs that served as control were only subjected to a magnetic resonance imaging scan and electrohaemodynamic measurements, before collecting the tissue.
RNA analysis
Total RNA was isolated from tissue using Qiagen miR mini easykit (Qiagen, Venlo, the Netherlands). Quantity and purity of RNA were assed using the ratio of absorbance at 260/280 nm, by means of a nanodrop 2000c spectrophometer (Wilmington, DE, USA). RNA was reverse transcribed to cDNA using miScript reverse transcription kit (Qiagen, Venlo, the Netherlands). MiR expression was analysed using real-time quantitative PCR on an iCycler real-time PCR detection system using the iQ SYBR-green supermix (Bio-Rad, Veenendaal, the Netherlands). MiR expressions were normalized for the reference miR: let-7f, and their relative expression was calculated using the comparative threshold cycle (Ct) method by calculating 2
ΔCt (e.g. 2 let-7f Ct À miR-133a Ct ). Expression levels of connective tissue growth factor (CTGF), serum response factor (SRF), nuclear factor of activated T cells (NFATc4), collagen type 1 (COL1A1), and brain natriuretic peptide were analysed using the same method. They were normalized using the housekeeping gene cyclophilin-A, and their relative expression was calculated using the comparative Ct method by calculating 2
ΔCt (e.g. 2
Cyclophilin Ct À CTGF Ct ). The sequences of the specific primers used can be found in the Supporting Information (Table S1 ).
Cardiac collagen content and cardiomyocyte diameter
The acid-soluble collagen content of frozen LV and septal transmural tissue samples was examined using the Sircol collagen assay (Biocolor Ltd., Belfast, UK). The volume percentage of collagen in cardiac tissue was histologically determined in tissue sections stained with 0.1% Sirius Red. 22 Images were taken with a Leica DM3000 Microscope (Leica Mircosystems, Wetzlar, Germany 
Statistical analysis
Data are presented as median [25th-75th percentile]. Statistical analysis was performed using Statistical Package for Social Sciences for Windows version 20.0 (IBM corp., Armonk, NY, USA). Differences between groups, temporal differences within a group and, when applicable, intracardiac differences were tested with a mix-effect analysis. This method is also known as multilevel analysis or linear mixed effect model and was used for gene expression levels, electro-haemodynamic parameters, and imaging data. The least squared differences correction was used for post hoc comparison. A Pearson correlation linear regression analysis between expression levels of different mRNAs and miRs was performed. An observed probability value <0.05 was considered statistically significant.
Results

LBBB induces cardiac dyssynchrony and dysfunction, which is partly reversed by CRT
Electro-haemodynamic measurements showed that LBBB caused a~35% decrease in LV dP/dt max together with an almost doubling of QRS width ( Table 1) . Mechanical interventricular dyssynchrony, the time difference of the upslope of normalized LV and RV pressure, 19 became more negative upon LBBB, indicating earlier contraction of the RV than of the LV. CRT reduced QRS width, increased LV dP/ dt max and mechanical interventricular dyssynchrony to values in between control and LBBB ( Table 1) .
LBBB increases local strain in LVfw, which is partly reversed by CRT In the control group, circumferential strain was similar in the septum and the LVfw. In the LBBB group, LVfw circumferential RV end systolic pressure (mmHg)
23 [20] [21] [22] [23] [24] 25 [24] [25] [26] [27] 28 [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] 27 [25] [26] [27] [28] [29] [30] 26 [24] [25] [26] [27] [28] [29] RV end diastolic pressure (mmHg) miR-133a is associated with local hypertrophy 243 strain was twice as high as in the control LVfw, while strain in the septum was reduced by half. CRT restored the strain patterns to near normal levels ( Figure 1) . Magnetic resonance imaging-derived LV EDV was slightly but significantly higher in the LBBB than in the control group, while LV EDV in the LBBB+CRT group was not significantly different from the control group. In the LBBB group, LV wall volume was significantly (42%) higher than in the control group, while this difference was less in the LBBB+CRT group (27% compared with control; Figure 1 ).
LBBB induces local LVfw hypertrophy, which is partly reversed by CRT
In the LBBB group, LVfw wall thickness increased by 18% within 4 months, while septal wall thickness did not significantly change. In the LBBB+CRT group, CRT equalized LVfw and septal wall thickness (Figure 2) EDV increased slightly after 2 months of LBBB in the LBBB and LBBB+CRT groups. In the LBBB group, EDV continued to increase and was, after 4 months, significantly larger than in the control group. In the LBBB+CRT group, no further increase in EDV was found after starting CRT (Figure 2) .
The increased wall thickness in the LVfw of LBBB hearts, observed by the echocardiographic measurements, was corroborated by the histologically measured cardiomyocyte diameter, which was significantly larger in the LVfw than in the septum (Figure 3) . The ratio of cardiomyocyte diameter of the LVfw and septum was 0.95 [0.90-1.03] in the control LBBB induces local downregulation of left ventricular free wall miR-133a expression, which is partly reversed by CRT MiR-1 and miR-133a were by far the most abundantly expressed miRs ( Table 2) , and the expression levels of other miRs that have been associated with cardiac hypertrophy were much lower.
In the LBBB group, expression of miR-133a was significantly reduced by 33% in the LVfw, while septal miR133a expression was similar to control. In the LBBB+CRT group, miR-133a values in both the LVfw and septum were not significantly different from control ( Figure 4) . MiR-155f levels were marginally increased only in LVfw of LBBB+CRT hearts; miR-199b showed small but significant lower levels in the LBBB and LBBB+CRT hearts. miR-1, miR-146a, miR146b, miR-222, and miR-499 expression levels in LBBB and LBBB+CRT hearts were not significantly different from control ( Table 2) .
In the hypertrophied LVfw of the LBBB group median, CTGF expression was 279% of control, which was significantly higher than the expression in the septum (119% of control). In LBBB+CRT hearts, CTGF overexpression was more similar in the LVfw and septum (229% and 141% of control, respectively; Figure 4 ). The CTGF LVfw/septum ratio tended to be higher in the LBBB (1.7 [1.2-2.5]) than in the control (1.2 [0.7-1.40, P = 0.07]). This ratio was not significantly different between LBBB+CRT and control (1.2 [1.1-2.4] P = 0.39). The expression of SRF was similar in all groups. NFATc4 expression was very low and was decreased in LBBB hearts (both septum and LVfw).
Brain natriuretic peptide was hardly expressed in any of the groups and was not significantly different between the groups ( Table 2) .
Cardiac collagen content and related miR expression
The biochemical Sircol assay as well as the histological Sirius Red measurements indicated a tendency for a~15% lower collagen concentration in the LVfw of the LBBB group (P = 0.06), while collagen was similar in all other investigated samples ( Figure 5) . In both the LBBB and LBBB+CRT groups, COL1A1 expression was significantly below control in both LV walls. MiR-29c and miR-30c expression levels were similar in all groups ( Figure 5 ).
Relation of miR-133a with CTGF, SRF and NFATc4 expression
Plotting the mRNA expression of CTGF, SRF, and NFATc4 (all three known target genes of miR-133a) as a function of miR133a showed a significant inverse correlation between miR133a and CTGF ( Figure 6 ). No significant correlation was observed between miR-133a and SRF or NFATc4 ( Figure 6 ).
Discussion
This large animal model of LBBB provides the unique opportunity to study the involvement of local mechanical load in processes related to hypertrophy and fibrosis. Development of local hypertrophy in the LVfw during LBBB coincided with local down-regulation of miR-133a and upregulation of CTGF. Together with the observation that local hypertrophy, miR-133a, and CTGF expression were reversible upon CRT, these data indicate that hypertrophy is regulated locally in LBBB. By contrast, collagen gene expression level was reduced in the entire LV and was not reversible upon CRT. Therefore, collagen synthesis is either regulated by systemic factors or is so sensitive to abnormal strain patterns that it remains abnormal while being subjected to the only moderately abnormal strains during CRT.
MiR-133a expression in asymmetric hypertrophy and its reversal
MiR-133 is one of the most highly expressed miRs in cardiac tissue ( Table 2) . MiR-133 is down-regulated during cardiac hypertrophy, and miR-133 inhibition induced cardiac hypertrophy while miR-133 overexpression markedly reduced the hypertrophic response. 12 These previous findings support our finding that miR-133a is closely related to cardiac hypertrophy. The specificity of the relation between miR133a, CTGF, and asymmetric hypertrophy in LBBB hearts is further emphasized by the lack of local overexpression of miR-199b and miR-155f, which are often up-regulated during pressure overload and concentric hypertrophy. 13, 14 These results from a clinically relevant large animal model support the concept that miR-133a plays an important role in the hypertrophic response of cardiomyocytes under conditions of increased myocardial strain. Previous studies have already linked the local hypertrophy in the late-activated regions of dyssynchronous hearts to the locally increased strain and workload. 5, 23 The coincidence of increased systolic strain, reduced miR-133a, and hypertrophy in the LVfw of LBBB hearts in the present study supports this view as well as the role of miR-133a in this process. Table 2 . Delta-CT of tested microRNAs (miR) and CTGF, NFATc4, SRF,COL1A1, and BNP The present study corroborates the negative regulation of CTGF expression by miR-133a, observed in studies in isolated cardiomyocytes. 17 By contrast, SRF and NFATc4 (both known target genes of miR-133a) did not show any relation with miR-133a in this study and are most likely not involved in the hypertrophic response in our model of local hypertrophy. In vitro studies showed that increased CTGF expression in isolated, stretched cardiomyocytes coincided with development of a hypertrophic response. 1, 3 Moreover, in a rabbit model of eccentric hypertrophy, where strains and workload are expected to be high throughout the LV wall, CTGF was also found to be overexpressed. 3 Of note is that recent studies question the importance of CTGF in cardiac structural remodelling, indicating that while it is an important biomarker of myocardial remodelling, it most likely does not play a decisive role in this process 24, 25 Cardiac collagen content During the 4-month experimental period, LBBB did not lead to significant ECM remodelling and fibrosis, as collagen content remained similar and collagen gene expression showed a decrease. Possibly, the slightly lower collagen content in the LVfw of LBBB hearts may be explained by 'dilution' of collagen by the increased cardiomyocyte mass, as also shown in previous studies with chronic LV pacing. 4, 5 A remarkable observation in the present study is that the reduction in collagen expression did not occur locally but fairly uniform throughout the LV wall and that CRT did not reverse it. First of all, this emphasizes the completely different regulation of the processes of hypertrophy and ECM remodelling in LBBB hearts. Two explanations may be given. First of all, systemic factors may affect the antifibrotic events during LBBB, but in that case one should assume that these factors are not (completely) reversible upon CRT. Such incomplete recovery at the level of the entire LV wall is also supported by the incomplete return of LV cavity and wall volume to baseline levels upon CRT. COL1A1 is not the only factor that does not show local differences in expression in the dyssynchronous heart and that does not recover upon CRT. Studies have shown that, in hearts with LBBB and heart failure, a number of proteins and genes behave similarly. 6, 26 The incomplete recovery upon CRT may simply indicate that conditions during CRT are still inferior to those with an intact ventricular conduction system. A second explanation may be that COL1A1 expression is influenced by myocardial stretch in specific parts of the cardiac cycle, such as early systole. In that phase, both early-activated and late-activated regions may be stretched during LBBB (Figure 1) . 27 Such forms of stretch may also persist during CRT, because CRT does not completely normalize myocardial strains. 28 A recent publication showed miR-30d expression data in the canine model of dyssynchronous heart failure (induced by rapid pacing and LBBB). In that animal model, miR-30d expression was increased in all myocardial samples from LBBB and CRT hearts, with higher miR-30d values in the LVfw of LBBB hearts, as well as some recovery by CRT. 29 The discrepancy with our data may be explained by sequence differences, or the absence of overt heart failure in our study, where the hypertrophy can be regarded as compensatory.
Limitations
Local workload was not directly measured in the present study. However, in LBBB hearts, systolic strain is a good indicator of local workload, because shortening against a (high, systolic) pressure determines external myocardial work and similar distribution of systolic strain and stress-strain loop area have been reported before. 
Conclusions
These data from a clinically relevant large animal model indicate a strong association between local cardiac mechanical load, down-regulation of miR-133a, and myocardial hypertrophy, all of which are reversible by CRT. These results obtained under in vivo conditions of LBBB and CRT indicate that hypertrophy and fibrosis are regulated by different triggers and along different pathways. 
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